Synopsis Sensory systems provide crucial information about an organism's external environment and, thus, are often subject to strong natural selection. Because of the large variation in the intensity and spectral quality of light in aquatic environments, studies of sensory adaptation have focused on the visual systems of fish for over a half a century. Recently, the molecular genetic mechanisms that determine the spectral sensitivity of visual pigments have been characterized in several fishes including zebrafish, guppies, medaka, killifish, bream, and cichlids. The results of these studies suggest that teleost fish have incredibly diverse visual systems. In this paper, we review the role that opsin duplication and differential gene expression have played in the diversification of visual pigments. We compare our findings in cichlids to five other taxonomic groups and highlight the ways that their similarities and differences may provide new insights into the molecular genetic basis of sensory adaptation and diversification.
An organism's survival depends critically on its ability to gather information from its surroundings. Although this information can come from a variety of senses, vision is essential for diurnal organisms assessing a brightly lit scene. The visual system plays a key role in finding food to eat, while avoiding being eaten by predators. The visual discrimination of items from the background is strongly influenced by the light environment, be it bright sunlight, green lit forests, dark caves, or blue ocean waters (McFarland and Munz 1975; Loew and Lythgoe 1978; Levine and MacNichol 1979; Lythgoe 1979; Loew 1990; Endler 1991; Marshall and Vorobyev 2003) . Furthermore, visual cues play an important role in mate choice within many species and sensory systems may drive the elaboration of sexually selected traits (Endler 1992; Endler and Basolo 1998; Horth 2007) . As a result, visual systems are often under strong natural selection.
The retinas of most vertebrates contain two types of photoreceptors: rods and cones. Rods function under low light (scotopic conditions), while cones function under bright light (photopic conditions). With a few possible exceptions, color vision-the discrimination between different wavelengths of light-is achieved by comparing the response from two or more types of cones (Bowmaker 2008) . The spectral sensitivity of rods and cones is determined by the visual pigments they contain. Visual pigments are composed of a light-sensitive chromophore, typically 11-cis retinal or 11-cis 3,4 dehydroretinal, which is covalently bound to an opsin protein (Wald 1968) . Interactions between the chromophore and amino acids in the opsin protein influence the absorption and sensitivity of visual pigments. Since the first opsin genes were cloned from cows and humans in the 1980s, correlative and experimental studies have investigated how variation at specific amino acid sites may tune spectral sensitivity (Yokoyama 2000; 2002; Hunt et al. 2001; Takahashi and Ebrey 2003; Hart and Hunt 2007) . This detailed knowledge of the genes involved in visual transduction links genotypes directly to visual phenotypes.
Phylogenetic analyses suggest that one rod (RH1) and four classes of cone opsin gene (SW1, SWS2, RH2, M/LWS)-arose very early in the vertebrate lineage (Yokoyama and Yokoyama 1996; Yokoyama 2000; Collin et al. 2003; Lamb and Collin 2007) . These classes are named for their spectral sensitivity, as they fall in unique parts of the spectral range (Bowmaker 2008) . The very short-wavelength sensitive class (SWS1) is sensitive at ultraviolet to violet wavelengths (355-440 nm). The shortwavelength sensitive class (SWS2) is sensitive to blue wavelengths (410-490 nm) . The medium to longwavelength sensitive class (M/LWS) is sensitive at green-yellow to red wavelengths (495-570 nm).
The two remaining opsin classes are closely related: the rhodopsin class (RH1) occurs in rods and the rhodopsin-like class (RH2) occurs in cones. These are both sensitive to middle wavelengths of light (470-530 nm) . Four classes of cones are found in the most basal vertebrate lineage, the lamprey (Collin et al. 2003; Lamb and Collin 2007) . Subsequently, the RH class duplicated to produce separate rod (RH1) and cone (RH2) opsins, such that all five classes of genes existed in the earliest fish (Trezise and Collin 2005; Bailes et al. 2007 ).
All five opsin classes were retained by many vertebrates, including fishes, reptiles, and birds (Yokoyama 2000; Hart and Hunt 2007; Bowmaker 2008) . However, a variety of vertebrate groups have actually lost one or more of the five ancestral opsin gene classes. For example, the SWS2 and RH2 genes were lost early in the lineage of placental mammals and the majority of species are dichromatic (Jacobs 1993; Trezise and Collin 2005; Bowmaker 2008 ). Interestingly, monotremes, having lost their SWS1 and RH2 opsin genes, appear to have taken an independent path to dichromatism Bowmaker 2008) . In marine mammals, the SWS1 opsin was lost independently, multiple times, such that most species are monochromatic (Fasick et al. 1998; Newman and Robinson 2006) . The only significant gain of mammalian opsin genes is the duplication of the LWS gene, which occurred independently in both old-world and new-world primates and led to primate trichromacy , although some bats may also have gained an additional LWS gene (Wang et al. 2004) . Apart from the variation in copy number of the primate M/LWS gene (Neitz and Neitz 1995; , there does not seem to be significant variation in opsin gene number among terrestrial vertebrates.
Each of these opsin classes can be tuned by amino acid substitutions at sites directed into the retinal binding pocket (Chang et al. 1995; Wilkie et al. 2000; Yokoyama 2000; 2002; Bowmaker and Hunt 2006) . In spite of this, some terrestrial systems show very little variation in the sensitivity of their visual pigments. Caribbean anole lizards, which inhabit a wide variety of habitats from full sun to forest canopy, show remarkably little variation in sensitivity among their four visual pigments (Loew et al. 2002) . Birds also show strong similarities in visual pigments across species, with variation only in the SWS1 pigment (Hart 2001; Hart and Hunt 2007; Ö deen and Håstad 2003) . Their SWS1 pigment can be tuned over a wide range, from the ultraviolet to violet part of the spectrum, as the result of variation in a few key tuning sites (Wilkie et al. 2000; Shi et al. 2001; Hunt et al. 2004; . Some of these same sites also play a role in tuning ultraviolet-sensitive rodent ) and other violet-sensitive mammalian SWS1 pigments (Shi and Yokoyama 2003) . In addition, mammals have considerable variation in their M/LWS pigment(s), which can be tuned from 500 nm to more than 560 nm, as a result of tuning at five key sites (Yokoyama and Radlwimmer 1998; 2001) . However, it is not known whether these differences occur between closely related species, or whether these differences relate to environmental variation.
In stark contrast, every opsin gene has been duplicated at least once in teleost fish and several have undergone multiple rounds of duplication (Fig. 1) . The expression of different subsets of these genes can generate large changes in visual sensitivity. Recent studies in cichlids suggest that changes in opsin gene expression may tune the sensitivity of visual pigments (Carleton and Kocher 2001; Parry et al. 2005) . Furthermore, several studies Fig. 1 The number of genes in each of the major classes of cone opsin and their spectral sensitivities as determined by microspectrophotometry or expression in vitro. Data are shown for zebrafish (Chinen et al. 2003) , bream (Shand et al. 2008) , cichlids , medaka (Matsumoto et al. 2006) , killifish (Fuller et al. 2003; Fuller et al. 2005; Yokoyama et al. 2007) , and guppies (Archer and Lythgoe 1990; Endler et al. 2001; Ward et al. 2008) . As in Gojobori and Innan (2009) we used the lamprey species G. australis as an outgroup . Unlike previous studies, we assigned the guppy visual pigment that absorbs maximally at 533 nm to the RH2 gene class and plotted the LWS genes across the longer-wavelength portion of the absorption range reported in Archer and Lythgoe (1990) . The two genes for which spectral sensitivities remain to be determined (dotted symbols) are depicted at same wavelength as their closest relative on the chart.
using reverse-transcription quantitative PCR have demonstrated that opsin gene expression may change over the course of development or in response to environmental conditions. These recent studies suggest that regulatory changes in opsin gene expression may also be a major factor driving the diversification of visual systems.
In this paper we will review our work examining opsin gene expression in cichlids and discuss our findings in the context of five other recently characterized teleost systems: zebrafish (Danio rerio), guppies (Poecilia reticulata), medaka (Oryzia latipes), bream (Acanthopagrus butcheri), and blue fin killifish (Lucania goodei). In these systems the full compliment of opsin genes has been sequenced and there is some knowledge of which opsins are expressed. Several excellent, comprehensive reviews of the evolution of visual pigments and of the molecular basis of visual adaptation have been published recently (Bowmaker 1995; Yokoyama and Yokoyama 1996; Yokoyama 2000; Hunt et al. 2004; Hart and Hunt 2007; Horth 2007) . Therefore, classic studies in other fish will be mentioned only brieflye.g. Johnson et al. 1993 (goldfish) ; Beaudet et al. 1997; Dann et al. 2004 (salmon) ; Hawryshyn et al. 1989; Allison et al. 2006 (trout); Bowmaker et al. 1994; Hunt et al. 1996; Cowing et al. 2002 (Lake Baikal cottoids); Partridge et al. 1989; Yokoyama and Tada 2000; Hunt et al. 2001 (deep sea fish); Cummings and Partridge 2001; Cummings 2007 (surfperch) . Instead, we focus on the duplication and expression of cone opsin genes in six taxa and examine the roles that differential gene expression, ontogenetic changes, and environmental plasticity may play in driving the diversification of visual pigments.
Duplication and diversification of opsins

SWS
The SWS1 and SWS2 genes have the fewest duplications in fish. No SWS1 duplications were observed in our six focal taxa, although SWS1 duplications have been described in smelt (Minamoto and Shimizu 2005) . A single SWS2 duplication appears to have occurred early in the acanthopterygian lineage about 200 million years ago (MYa) (Fig. 2) (Spady 2006) . Medaka, killifish, bream, guppies, and cichlids all share orthologous SWS2A and SWS2B genes that have diverged to be maximally sensitive in the violet (395-425 nm) and blue (439-475 nm) regions of the spectrum, respectively Matsumoto et al. 2006; Yokoyama et al. 2007; Shand et al. 2008; Owens et al. 2009 ). The ostariophysian lineage diverged prior to this duplication, and zebrafish have only one SWS2 gene with maximum sensitivity at 416 nm ( Fig. 2) (Chinen et al. 2003 ).
RH2
The rhodopsin-like (RH2) gene has undergone multiple, independent duplications in both the ostariophysian and acanthopterygian lineages (Fig. 2) . Zebrafish have four RH2 genes: RH2-1, RH2-2, RH2-3, and RH2-4, each with a distinct spectral sensitivity (from 466-505 nm) (Chinen et al. 2003; . In the Acanthopterygii, there was one RH2 gene duplication that occurred at a similar time as the SWS2 duplication, approximately 230 MYa (Spady 2006) . Cichlids, medaka, and guppies all share this duplication, while killifish appear to have lost one copy and bream have either lost a copy or diverged prior to this duplication ( Fig. 2) (Fuller et al. 2004; Parry et al. 2005; Matsumoto et al. 2006; Hoffmann et al. 2007; Shand et al. 2008) . Additional RH2 duplications appear to have arisen independently in medaka, bream, and cichlids ( Fig. 2) (Parry et al. 2006; Matsumoto et al. 2006; Shand et al. 2008 ).
LWS
As with RH2, the LWS gene appears to have undergone multiple rounds of duplication. Zebrafish and medaka both have two copies of LWS that have arisen through independent duplication events ( Fig. 2) (Chinen et al. 2003; Matsumoto et al. 2006) . Another duplication appears to have arisen prior to the divergence of guppies and killifish, resulting in killifish having two copies of LWS ( Fig. 2) (Weadick and Chang 2008; Ward et al. 2008) . At least two additional duplications have occurred in guppies (although one might be shared with Xiphophorus), resulting in four LWS opsin genes in some populations ( Fig. 2) (Ward et al. 2008) . These genes are named LWS-S180, LWS-S180r, LWS-A180, and LWS-P180, based on specific polymorphisms. LWSS180r lacks introns and is situated in the reverse direction in the tandem array. Their similarity to one another and their close position in the genome has made characterization of the LWS opsin genes difficult (due to template switching during PCR reactions). Furthermore, populations may vary in the number of copies they contain, suggesting that additional copies may still be found (Hoffmann et al. 2007; Chang et al. 2008; Ward et al. 2008) .
Duplicated genes may also be lost. Pufferfish present an interesting example. Analysis of the genomes of Tetraodon nigroviridis and Fugu Fig. 2 Phylogenetic relationship of the cone opsin genes from our six focal taxa. Duplication events are marked with a D. The tree was generated in MEGA (Tamura et al. 2007 ) using maximum likelihood estimates of distance with gamma-distributed rates among sites. Bootstrap values 450% are shown.
(Takifugu rubripes) suggests that both have lost multiple opsins. No copies of SWS1, only one SWS2, and only one functional copy of RH2 were found. Interestingly the losses of RH2 appear to have been independent in these two lineages. Tetraodon RH2 is degenerate, suggesting an older loss of function, perhaps soon after the two lineages diverged. Fugu lost RH2 recently, due to an LTR retroelement insertion. Sequence analysis suggests that this gene was under selection until its loss and other members of the genus Takifugu contain apparently functional copies (Neafsey and Hartl 2005) .
One interesting question is why some opsins, namely the RH2 and LWS, have undergone and maintained so many independent duplications (Fig. 1) . Comparing the physical location of these genes in the genomes of zebrafish, medaka, and cichlids suggests that, even though multiple duplications have occurred, their underlying genetic architecture is relatively stable. The order of opsin genes on the chromosome does not vary and duplicated genes occur in tandem arrays (Fig. 3) . Surprisingly, the LWS gene is physically next to SWS2B, although duplications in LWS appear to be far more common. Furthermore, expression of these opsins in vitro suggests that in several cases they have diverged spectrally after duplication events. None of these gene duplications appears to be the result of the whole genome duplication that occurred in teleost fish approximately 300 MYa, as they are not on separate chromosomes. Those duplicates must have been lost as the fish genome resolved from tetraploidy back to diploidy (Taylor et al. 2003) . Determining whether duplications in these opsins are more common than those in other genes, or whether they are more likely to undergo diversifying selection, will require future comparative genetic studies.
Opsin expression
Duplicate opsin genes create the opportunity for a mechanism of tuning fish visual systems by differential gene expression. The taxa discussed in this study vary considerably in the opsin genes that they express. Some appear to express all copies of their opsin genes, while others utilize distinct subsets of genes. These regulatory changes can cause large changes in the sensitivity of photoreceptors (Fig. 4) . Several techniques, each with pros and cons, have been used to determine whether a given gene is expressed. Briefly, these techniques include microspectrophotometry (MSP), quantitative PCR, and in situ hybridization. MSP can be used to measure the absorbance of individual photoreceptors in the retina. In the absence of chromophore shifts, the spectral sensitivities of visual pigments produced by different opsin classes do not overlap and photoreceptors can be assigned to a specific class of opsins. Reverse-transcription quantitative PCR can be used to give a more accurate measure of opsin gene expression. In cases where all of the opsin genes have been identified, the relative abundance of each opsin can be calculated and compared to results obtained using MSP. Finally, in situ hybridization can be used to determine where specific opsin genes are expressed in the retina.
Gene expression in different lineages
Fish retinas typically contain an organized mosaic of photoreceptors. These mosaics contain single cones, which can be long or short, and double cones which are composed of larger principle and smaller accessory members. Generally, the SWS1 and SWS2 opsins are expressed in single cones and the RH2 and LWS opsins are expressed in double cones (Lyall 1957; Fernald 1981; Bowmaker and Kunz 1987) . Microspectrophotometry and in situ hybridization suggest that zebrafish express at least seven cone opsin genes. The SWS1 gene is expressed in the short single cones, SWS2 is expressed in the long single cones, LWS is expressed in the principle double cone, and all four RH2 genes are expressed in the accessory double cones (Vihtelic et al. 1999; Chinen et al. 2003) . The four RH2 genes are expressed in dorsal-ventral and medial-lateral gradients, with the shortest-wavelength RH2 found predominantly in the dorsal retina, and the longest-wavelength RH2 copy in the ventral retina (Takechi and Kawamura 2005; Tsujimura et al. 2007) . Quantitative PCR suggests that LWS-1 is expressed at higher levels than is LWS-2, although large differences in reverse-transcription efficiencies complicate interpretation (Chinen et al. 2003) .
The transgenic tools available in zebrafish make them a powerful system for studying opsin regulation. Transgenic studies suggest that cis-regulatory regions control the magnitude and specificity of SWS1 and RH2 expression. Localization of SWS1 in the short single cones appears to be regulated by a region proximal (100-200 bp upstream) to the gene, while a region distal to the gene (5 kb upstream) is necessary for high levels of expression (but by itself acts in a nonspecific manner) (Luo et al. 2004 ). RH2 expression is controlled by a 0.5 kb locus control region located 15 kb upstream of the first RH2 gene. The relative distance from this region appears to regulate the relative expression levels of the four RH2 genes. The factors responsible for the pattern of RH2 expression across the retina are still being investigated. One proposed mechanism is that alternate RH2 genes are turned on during the course of retinal growth, which occurs in a central to peripheral manner (Tsujimura et al. 2007) .
Guppies appear to have an equally diverse set of opsin genes, although it remains unclear exactly how many of the duplicated genes are expressed, and the extent to which copy number and expression vary among populations. Initial studies using MSP ( photoreceptors with maximum sensitivities at 359 nm (SWS1), 408 nm (SWS2B), and 464 nm (RH2), as well as three LWS peaks at 533 nm, 548 nm, and 572 nm (it has been suggested that the 548 nm peak may be due to co-expression of the other two opsin genes). However, comparison with other species suggests that the visual pigment absorbing maximally at 533 nm may be Rh2-based (Fig. 1) . Amino acid substitutions at five key tuning sites suggest that LWS-S180, LWS-A180, and LWS-P180 would produce visual pigments that differ in sensitivity (LWS-S180r is predicted to be similar spectrally to LWS-S180 but varies at additional sites that alter the binding and activation of transducin) (Weadick and Chang. 2008; Ward et al. 2008) . Thus far, studies of opsin expression in guppies have focused on the LWS genes. Quantitative PCR suggests that the four LWS genes vary considerably in their abundance (Ward et al. 2008) . LWS-A180 has the highest expression with a relative abundance of more than 97%. LWS-S180 represents 52% of the total LWS transcripts, and LWS-S180r and LWS-P180 comprise 51% (note these levels are relative to total LWS expression, which in itself is also a fraction of the total cone opsin expression). Which of these levels of expression are biologically meaningful and whether LWS varies spatially across the guppy retina, in a manner similar to RH2 in the zebrafish, remains to be determined. Furthermore, the relative expression of the other four opsin genes needs to be measured.
Microspectrophotometry detected five distinct photoreceptors in killifish with sensitivities at 359 nm (SWS1), 404 nm (SWS2B), 455 nm (SWS2A), 539 nm (RH2), and 573 nm (LWS-1 and LWS-2) (Fuller et al. 2004 ). Interestingly, quantitative PCR never detected any SWS2A expression, even though MSP suggests that SWS2A-based photoreceptors should be abundant in the killifish retina. This may be the result of poor reverse transcription efficiency of the SWS2A transcripts (Fuller et al. 2004) , which highlights the benefit of using multiple approaches to investigate opsin gene expression.
Quantitative PCR suggests that SWS2A, RH2-B, RH2-A, and LWS are the four most highly expressed opsin genes in medaka, while RH2C, SWS2-B, and SWS1 have 52% relative expression (Matsumoto et al. 2006) . Expression and reconstitution of visual pigments in vitro suggested that LWS-A and LWS-B produced visual pigments with virtually identical spectral sensitivities (561 and 562 nm), while RH2-A, RH2-B, and RH2-C produced pigments with extremely divergent sensitivities (452, 516, and 492 nm, respectively).
Microspectrophotometry and quantitative PCR suggest that adult bream predominantly express three of their eight opsins: SWS2A, RH2A, and LWS. In the adult retina, LWS accounts for about 40% of the cone opsin expression (Shand et al. 2008) . Adult bream appear to have a pattern of gene expression that is similar to that of the cichlid blue set discussed below.
Differential gene expression within a single lineage
Microspectrophotometry has identified a wide diversity of visual pigments within African cichlid fish. Sensitivities of visual pigments range from the ultraviolet to the red end of the spectrum (Fig. 4,  top) (van der Meer and Bowmaker 1995; Carleton et al. 2000; Parry et al. 2005; Jordan et al. 2006) . Comparisons of opsin gene sequences between species with different visual pigments revealed nearly identical amino acid sequences. This suggests that in cichlids, visual pigments are not solely tuned by evolution of the protein sequence. Rather, in many species opsin genes are differentially expressed and produce visual palettes with different peak absorbances.
Most cichlid species express only three of their six spectrally distinct opsin genes ( Fig. 4 ; the two similar RH2A and genes are grouped together). The SWS genes are found in single cones while the longer wavelength RH2 and LWS genes appear in double cones Carleton et al. 2008 ). These genes are most commonly found in three combinations, which are named after the sensitivity of their single cone visual pigment (Fig. 4) . These include a UV set (SWS1, RH2B, RH2A), a violet set (SWS2B, RH2B, RH2A), and a blue set (SWS2A, RH2A, LWS). All three gene sets have been found in cichlids in the clear waters of Lake Malawi (Carleton and Kocher 2001; Parry et al. 2005 ) with closely related species differing in their expressed gene sets (Hofmann et al. submitted for publication). However, in the murkier waters of Lake Victoria, the blue set (SWS2A, RH2A, LWS) predominates ; Hofmann et al. submitted for publication). The expression of these gene sets correlates well with previous MSP studies of visual pigments present in different species from Lake Malawi Jordan et al. 2006; Carleton et al. 2008) and Lake Victoria (van der Meer and Bowmaker 1995; Carleton et al. 2005) .
Developmental changes in gene expression
Developmental changes in gene expression have been identified in several taxa. Salmon are a classic example, in which ultraviolet cones are lost during smoltification (when salmon migrate from rivers to the open ocean) and are subsequently regained in adulthood prior to migrating back to the breeding grounds (Lyall 1957; Bowmaker and Kunz 1987) . In both bream and cichlids there appears to be a shift from shorter-to longer-wavelength classes of opsin genes during the course of development. Larval bream express primarily SWS1, SWS2B, and RH2A. Expression of these opsins agrees with measurements of photoreceptor abundance using MSP. Adult bream express primarily SWS2A, RH2A, and LWS, and again the results are consistent with MSP (Fig. 5) (Shand et al. 2008) .
Heterochronic changes in opsin expression occur in some cichlids and appear to be a source of visual pigment diversity. In the riverine cichlid Oreochromis niloticus (tilapia), all six classes of opsins are expressed during the course of development. SWS1 is initially expressed in the single cones; however, it begins decreasing almost immediately. While SWS1 is decreasing, SWS2B expression increases until it peaks at about 50 days of age. After this time, SWS2A expression increases and by one year of age SWS2A is the predominant opsin expressed in the single cones (Fig. 5) . Early in development RH2B, RH2A, and LWS, are expressed in the double cones of tilapia. As they age, RH2B is gradually turned off and LWS opsin expression dramatically increases (Fig. 5) .
Adult cichlids from Lake Malawi appear to have co-opted the gene sets expressed at these various developmental stages. Species that express the UV set of opsin genes maintain SWS1 expression into adulthood. Although there appears to be some increase in SWS2B expression, SWS2A is never turned on. Similarly, RH2B and RH2A are maintained throughout adulthood, and LWS is never turned on (Fig. 5) . These species are neotenic and appear to have slowed the progression of opsin gene Fig. 5 Changes in opsin gene expression over the course of development. Both bream (A) and tilapia (B) express a shorter-wavelength set of opsins early on, and shift to longer-wavelength opsins throughout development (redrawn using data from Shand et al. 2008; ). These developmental changes may have led to the incredible diversity of visual systems observed in Lake Malawi. Malawian cichlids appear to have co-opted either the juvenile or adult gene sets from their riverine ancestors. M. zebra (C) appears to extend the juvenile tilapia gene through adulthood, while D. compressiceps (D) skips directly to the adult gene set (redrawn using data from Carleton et al. 2008) .
expression found in the early stages of tilapia development. Conversely, species that express the blue set of opsin genes appear to progress directly to the gene set of adult tilapia. These direct developers express the SWS2A, RH2A, and LWS genes that are otherwise characteristic of adult tilapia at a young age (Fig. 5 ) ).
Environmental influences on gene expression
Environmental conditions may also play a role in shaping gene expression. Bream inhabit estuaries where the light environment is shifted toward longer-wavelengths. Comparisons between wildcaught and laboratory-reared fish suggest that wildcaught fish have a much greater abundance of LWS photoreceptors. This difference is largely due to changes in the ratio of RH2A to LWS in the double cones (Fig. 6) . Rearing fish under a yellow filter (which absorbed short-wavelengths of light) increased the frequency of longer-wavelength photoreceptors throughout the course of development. This change was achieved by increasing the abundance of RH2-based photoreceptors early in development and LWS-based ones at later stages (Shand et al. 2008) .
Killifish inhabit heterogeneous freshwater environments. Some populations live in clear springs, while others live in tannin-stained swamps where long-wavelengths of light predominate (Fuller et al. 2003 (Fuller et al. , 2004 . Killifish from clear waters have a greater abundance of SWS1-based and SWS2B-based photoreceptors in their retina while those from swamps have a higher frequency of RH2-based and LWS-based photoreceptors (Fig. 6) (Fuller et al. 2003 (Fuller et al. , 2004 . Experimental manipulations confirmed that the observed differences among populations were largely environmental, rather than genetic (although some minor but statistically significant genetic components were also detected). Fish raised in tea-stained water had higher levels of RH2 opsin and LWS opsin expression than clear water controls (Fig. 6 ). These alternate rearing conditions generated differences in gene expression that were almost identical to those observed in wild populations (Fuller et al. 2005) .
Discussion
Selection appears to utilize multiple molecular genetic mechanisms to tune the visual pigments of fish. Like other vertebrates, altering the sequence of opsin genes shifts the sensitivity of fish visual pigments by small amounts. An excellent example of this is the shift in sensitivity of LWS visual pigments in cichlids from Lake Victoria (Terai et al. 2006 ). Species such as Pundamilia nyererei, which inhabit the shallower waters, have a shorter wavelength allele of LWS, while P. pundamilia, which inhabit deeper waters, have a longer wavelength allele. The resulting 5-10 nm shifts in visual pigment sensitivity have been suggested to drive divergence in nuptial coloration, resulting in speciation (Seehausen et al. 2008) .
Fish appear unique among vertebrates in that they have many duplicate opsin genes, which have diverged in spectral sensitivity. These genes can be differentially expressed to modify visual pigment sensitivity. Differential expression can vary across the entire retina or on a fine scale in parts of the retina that are viewing different spatial regions of the environment. Differential expression can also occur as part of a short-term plastic response to changes in the environment. Finally, it can occur through development as fish either migrate to different environments or alter their foraging (and thus their visual) needs. Altering these plastic responses or developmental programs can then lead to variation in the visual sensitivities of adults .
Theory suggests that duplicated genes can be lost rapidly (Lynch and Conery 2000) . What selective pressures have led to the retention of gene duplicates, their diversification, and the ability to differentially express them to bring about large shifts in spectral sensitivity? One likely explanation is the diversity of fish habitats. Aquatic environments contain some of the most spectrally diverse regions on earth. These altered spectral backgrounds likely cause strong selective pressures on the visual systems of aquatic organisms (Lythgoe 1979; Levine and MacNichol 1979) . This includes changes in absolute light intensity by 10 or more orders of magnitude from the surface to the depths of the ocean, as well as spectral shifts toward shorter-or longerwavelengths, depending on water quality (Land and Nilsson 2002) . While terrestrial animals may also operate under the large shifts in light intensity from diurnal to nocturnal conditions, they are not subject to the spectral shifts known in different aquatic environments. The aquatic habitats also change greatly for fish that migrate between fresh and marine environments or when pelagic larvae settle and develop into benthic adults.
While differential gene expression has been shown spatially (zebrafish), developmentally (bream, cichlids), and environmentally (bream, killifish), the generality of these mechanisms needs to be tested further. There are several questions that remain to be answered concerning the role of differential gene expression.
(1) What are the genetic mechanisms that control opsin expression? Opsin spectral tuning through sequence evolution is a classic system for understanding the adaptation of the senses to the environment. However, we have very little knowledge as to how opsin genes are turned on and off. The work in zebrafish has made important steps forward to identify the key promoter and enhancer elements for opsin regulation. However, there are likely a diversity of important transcription factors that tune the spatial, temporal, and environmental changes in opsin expression. Identifying and determining the action of such factors will be an important step toward understanding how opsin expression contributes to changes in visual sensitivity. Further, tests for whether these factors are selectively evolving or naturally drifting will provide additional evidence for whether visual sensitivity is tightly regulated or randomly walking through the available spectral space.
(2) How phylogenetically labile is differential gene expression? Most of the studies to date have examined only one species in a given lineage. Our work on cichlids suggests that they are unique both in the degree and in the speed with which their visual systems have diversified. However, the cichlid radiation is quite recent and rapid. Whether differential gene expression plays an important role in other, older radiations remains to be determined.
(3) Do ontogenetic gene progressions predispose closely related species to diversify via differential gene expression? Cichlids use heterochronic shifts in an ancestral developmental pathway to produce diverse sets of adult visual pigments. Are ontogenetic shifts a prerequisite for the diversification of visual systems in this manner?
(4) How environmentally labile is differential opsin expression? The work on killifish and bream suggests that expression responds to the local environment in which fish are reared. This lability is essentially a plastic response to the wavelengths of available light. Is this common in all fish or just a few that possess a genetic predisposition to environmental effects (e.g. Fuller et al. 2005 )?
With 25,000 species of teleosts inhabiting a broad array of habitats and surviving by a diversity of ecologies, there are likely more species in which selection has utilized differential gene expression to shape the visual system. Future comparative studies within diverse lineages will be key to identifying additional ways in which differential gene expression can diversify visual sensitivities and enable fish to adapt to the many varied habits possible across three quarters of the earth's surface.
Conclusions
Fish retinas contain an incredible diversity of visual pigments. Recent advances in molecular genetics have led to a better understanding of the processes responsible for generating this diversity. Gene duplication followed by amino acid substitutions at key tuning sites played an important role in generating a diverse set of opsin genes. Differential expression of these opsin genes can then produce large (or small) changes in the sensitivity of photoreceptors. Heterochronic changes in gene expression appear to be one mechanism that generates diverse sets of expressed opsin genes. Phenotypic plasticity in response to environmental conditions can also influence gene expression and might, over time, also lead to diversification. The diversification of visual pigments has important evolutionary implications. Visual pigments have been demonstrated to be subject to strong selection in numerous aquatic organisms. Furthermore, visual systems may drive the elaboration of sexually selected traits, and changes in the sensitivity of visual pigments have been demonstrated to drive speciation.
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